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In Brief
Gyuricza et al. find that synaptonemal complex assembly depends on two cohesin complexes. One complex is required only for interhomolog interactions, and the other is required for sister-chromatid interactions. The interhomolog cohesin complex is surprisingly dynamic, which may facilitate regulating SC assembly and crossover formation.
INTRODUCTION
Meiosis I begins with the pairing of homologous chromosomes that are held together by the synaptonemal complex (SC) [1, 2] . The SC may regulate meiotic recombination through interactions with the chromosome axis, which interacts directly with the chromatin [3] [4] [5] . A crucial component of the axis is cohesinrelated proteins. Mitotic cohesin is made up of four subunits: SMC1, SMC3, Stromalin (SA), and the kleisin Rad21. However, multiple meiosis-specific cohesin complexes have been described in a variety of organisms [6, 7] . The function and properties of these meiosis-specific cohesin complexes, however, are poorly understood. Our mutant analysis in Drosophila has shown that SC initiation depends on two independent pathways defined by two sets of cohesin-related genes [8] . One pathway depends on C(2)M, a kleisin family protein [9] that physically interacts with the cohesin SMC3 [10] . The second pathway depends on ORD, a cohesion protein that is not conserved [11] . SC assembly is absent in a c(2)M ord double mutant or oocytes lacking SMC1 and SMC3 [8] , suggesting that cohesin complexes dependent on either C(2)M or ORD are required for all pathways of SC assembly.
Besides SMC1 and SMC3, the Drosophila cohesin subunits that associate with C(2)M are not known. Recent studies have suggested Stromalin has a role in maintaining the SC and cohesion late in meiotic prophase, but its role in SC assembly is not known [12] . We have examined the function of all known Drosophila cohesin subunits in SC assembly. Our data are consistent with a model that SA and the SCC2 homolog Nipped-B function in a pathway with C(2)M, while ORD functions in a distinct meiosis-specific cohesin pathway with two other proteins, SOLO and SUNN [13, 14] .
These two groups of proteins differ not only in their function, but also their loading properties. We have discovered that C(2)M is exchanged during prophase, with subunits being added to and dissociating from the chromosomes throughout pachytene. In contrast, SOLO and SUNN at the centromeres are probably loaded only during premeiotic S-phase. The dissociation of cohesin complexes from meiotic chromosomes, and the failure to replace them, may be a contributing factor to the maternal age effect [15] [16] [17] . Our results modify this model by demonstrating that each cohesin complex is regulated differently.
RESULTS

Stromalin Is Required for SC Assembly
To test the hypothesis that C(2)M is part of a cohesin complex required for SC assembly, we investigated the role of other cohesin proteins in SC assembly. In addition to SMC1 and SMC3, the Drosophila mitotic cohesin complex includes the kleisin, Rad21 (SCC1), encoded by the verthandi (vtd) gene, Stromalin (SCC3), encoded by the SA gene and the cohesin loader Nipped-B (SCC2). All of these proteins are essential; therefore, to generate oocytes lacking each protein, small hairpin RNAs (shRNAs) were expressed using P{GAL4::VP16-nos.UTR}CG6325 MVD1 (herein referred to as MVD1) for germline-specific RNAi [18] ( Figure S1A ). The effect on SC assembly was assayed by examining transverse filament protein C(3)G localization in the germarium of the ovary [19] . Within a wild-type germarium, zygotene and early pachytene are in region 2a; pachytene then progresses as the oocytes move into region 2b and region 3. Knockdown of vtd (Rad21) did not have any effects on SC assembly ( Figure S2 ), consistent with another report using a different method [20] . In contrast, in SA or Nipped-B RNAi oocytes, SC assembly was incomplete (Figures 1B and 1C ). C(3)G was observed at the centromere, as shown by colocalization with the centromere histone H3 CID, and at several sites in the euchromatin, but there was an absence of C(3)G threads, showing that SC assembly in oocytes lacking SA or Nipped-B did not progress beyond zygotene. C(2)M localization was absent in SA or Nipped-B RNAi oocytes ( Figures 2B and S2C) , suggesting that the SC assembly defects could be related to a lack of C(2)M. In fact, the SC assembly defect in SA or Nipped-B RNAi was similar to the phenotype we previously observed with c(2)M mutants, where there were about six to eight C(3)G patches per oocyte [8] ( Figures  1B, 1C , 1E, and S3). Among all SA RNAi oocytes in the germarium, there was an average of 5.8 euchromatic SC patches per oocyte. However, between region 2a and 3 of the germarium, there was a significant decrease in the number of C(3)G patches in SA and Nipped-B RNAi oocytes ( Figures 1B, 1C , 2G, 2H, and S3). The average number of C(3)G patches in SA RNAi oocytes decreased from 10.5 (n = 257) in region 2a to 2.4 (n = 16) in region 3, and 43% had only one C(3)G patch that was always at the centromeres. These results suggest that SC assembled along the arms in the absence of SA or Nipped-B is unstable. In c(2)M mutants, the number of C(3)G patches did not decrease [8] ( Figures  1E and S3 ). These results show that the phenotype of SA and Nipped-B RNAi oocytes is similar to c(2)M mutants, but with some minor quantitative differences. The SC phenotype of SA RNAi was compared to a null mutant of SA ( Figure S1B ). The SA 86 germline clone null mutant oocytes had patches of C(3)G in region 2a (average = 5.6, n = 27) that was similar to the RNAi of SA. This decreased in region 3 to an average of 1.6 patches, which always included the centromeres (n = 11) ( Figure 1D ). The results show that the RNAi closely resembles that of the SA null mutant phenotype.
SMC1 on the Chromosome Arms but Not the Centromeres Depends on SA To determine whether SA and Nipped-B are required for loading of cohesins, we examined SMC1 localization. In wildtype pachytene cells with complete SC formation, SMC1 was found at the centromeres and along the chromosome arms in threads ( Figure 2D ). In c(2)M mutants, where SC assembly was incomplete, SMC1 was observed at the centromere, and not in a thread-like pattern along the chromosome arms ( Figure 2E ). Conversely, in ord mutants, SMC1 was observed on the chromosome arms ( Figure 2F ). These observations are similar to a previous study by Khetani and Bickel [21] . In the c(2)M ord double mutant, in which all C(3)G is absent, SMC1 was also absent (Figure S2F) . In SA or Nipped-B RNAi oocytes, SMC1 localization to the arms was almost absent (Figures 2G, 2H, and S2G), which was similar to c(2)M mutants and not ord. Based on C(3)G localization at the centromeres (Figure 1) , it is likely that the SMC1 remaining in SA or Nipped-B RNAi oocytes is primarily at the centromeres. These results show that SMC1 at the centromere is dependent on ORD while SMC1 on the arms is dependent on C(2)M and SA. SMC1 localization was not affected by vtd RNAi ( Figure S2H ). When SA shRNA was expressed in the germline of an ord mutant, the result was a surprisingly more severe phenotype: the ovaries were rudimentary in size and lacked development of 16 cell cysts with oocytes. The same result was observed when vtd shRNA was expressed in the germline of ord mutants. These small ovaries were examined for VASA and Spectrin expression, which mark germline and somatic cells, respectively [23] . The small ovaries had no VASA-expressing cells, showing they lacked germ cells ( Figures 3L and 3M) . These results suggest that ORD has a function that is independent of other cohesin subunits such as vtd and SA. They also show that ORD has a redundant function in the germline mitotic divisions, as has been suggested previously [24] .
SA Functions in the Same
We repeated these experiments with sunn mutants, which have a meiotic phenotype similar to ord [13] . The c(2)M; sunn double mutant had no evidence of SC assembly, similar to the c(2)M ord results ( Figure 3F ). However, when SA shRNA was expressed in a sunn mutant, we observed the same absent germline phenotype as SA RNAi ord mutant oocytes ( Figure 3N ). Thus, like ORD, SUNN has a role in germline mitosis that is redundant with SA. The synergism between the two groups of genes is consistent with a two cohesin pathway model in the germline. In germline mitosis, SUNN/SOLO/ORD and the canonical SA/ RAD21/Nipped-B cohesin pathways function redundantly in cohesion. In meiosis, this changes to SUNN/SOLO/ORD and SA/C(2)M/Nipped-B that are the active cohesin pathways and they are not redundant ( Figure 3O ).
SA Depletion Does Not Result in Sister-Centromere
Cohesion Defects at Meiosis I Mutations in ord or sunn have cohesion defects in female meiosis [13, 14] . To determine whether SA is required for cohesion in meiosis, we used two cytological assays in SA RNAi oocytes. First, we looked for defects in sister-centromere cohesion at metaphase I in stage 14 oocytes using the centromere marker CENP-C. In wild-type, eight CENP-C foci are expected, one for each chromosome, and we observed an average of 7.1 ( Figures  4A and 4E) . In sunn mutant oocytes, which is required for sisterchromatid cohesion [13] , there was a significantly elevated number of CENP-C foci relative to wild-type or SA-knockdown oocytes (average = 11.1, Figures 4D and 4E) . In SA RNAi oocytes, the number of CENP-C foci was not significantly greater than wild-type, suggesting that SA is not required for sistercentromere cohesion (average = 7.2, Figures 4B and 4E) . Similarly, the number of CENP-C foci was not significantly increased in SA 86 germline clone oocytes (average = 6.9, Figures 4C and   4E ). These results suggest that SUNN, but not SA, is required for sister-centromere cohesion at meiosis I. Second, centromere clustering was examined during pachytene of meiosis. During pachytene, all eight centromeres are usually found in one or two clusters. We and others previously demonstrated that ord, sunn, and solo, but not c(2)M, mutants, have defects in centromere clustering [8, 13, 14, 22] . Similarly, SMC3 RNAi and c(2)M ord oocytes had clustering defects, with a significant number of oocytes with more than two CID In some cases, precocious anaphase was observed, which is when the karyosome has separated into two groups of chromosomes that appear to be moving toward the poles. Precocious anaphase was elevated in SA RNAi (60%, n = 33), SA germline clones (15%, n = 27), and the sunn mutant (33%, n = 30). This phenotype can be caused by a failure in arm cohesion or reduced crossing over [25, 26] , and because all these mutants or RNAi are expected to reduce crossing over, this phenotype is not necessarily indicative of a cohesion defect. Scale bars, 5 mm. 
C(2)M Is Integrated into the SC throughout Pachytene
To determine whether the two cohesin pathways are under different temporal regulation, we expressed cohesin subunits with a pulse of heat shock and determined when they could be incorporated into the meiotic chromosomes. C(2)M fused to an HA epitope tag (UASp-c(2)M
3XHA
) was expressed under the control of a heat shock promoter. If C(2)M can only be incorporated at a specific time in meiosis, and, because oocytes are arranged in temporal order, then localization of heat-shock-induced C(2)M would be observed in a restricted region of the germarium (e.g., region 2a). If C(2)M can be incorporated at multiple stages of meiosis, then localization of heat-shock-induced C(2)M would be observed at many or all regions of the germarium (e.g., regions 2a, 2b, and 3).
With fixation 1 hr after heat shock, no C(2)M-HA was detected ( Figure S4) . With fixation at 6 hr after heat shock, however, C(2)M-HA localization was detected as threads in almost 100% of region 2a, 2b, and 3 oocytes, consistent with loading occurring at all stages of meiotic pachytene ( Figures 5A and S5A ). Since 6 hr is not enough time for a cyst to change position within the germarium, most of the oocytes were in pachytene at the time of heat shock and incorporated C(2)M-HA. At 24 hr after heat shock, some early region 2a oocytes did not incorporate C(2)M-HA ( Figures 5B and S5B ). These oocytes could have been premeiotic at the time of heat shock. Consistent with this conclusion, the number of oocytes that did not incorporate C(2)M-HA increased as the time between heat shock and fixation was increased ( Figure S4 ). These results were used to estimate the duration of each stage in the germarium.
Heat-shock-induced expression of C(2)M was repeated in a c(2)M mutant background to determine whether cohesins could be loaded and the SC assembled late. In the absence of heat shock, the typical patchy SC phenotype of c(2)M mutants was observed ( Figures 5C and S5C) . Following heat shock, full-length SC (with C(2)M and C(3)G in threads) was observed in region 2a, 2b, and 3 oocytes (Figures 5D and S5D ). This suggests that, even if the SC is not assembled early in prophase due to the absence of C(2)M, assembly can resume if C(2)M becomes available later. The newly assembled SC in region 3 of the germarium appeared diffuse and disorganized, suggesting that late SC assembly was abnormal ( Figure 5D ).
To determine whether heat-shock-induced c(2)M is functional, nondisjunction was measured. Because oocytes are laid in the order they develop, the effect of heat shock at successive stages of oogenesis could be measured. Heat-shock-induced expression partially reduced the nondisjunction frequency in the eggs laid 7-10 days after heat shock ( Figure 6 ; Table S1 ). These oocytes were in the germarium, likely region 2a, at the time of heat shock [30] . These results can be explained by proposing that C(2)M must be loaded during a narrow window of time during early prophase to properly organize the SC and support crossing over. Rescue of the nondisjunction phenotype was not complete, suggesting that a single pulse of C(2)M is not sufficient, or there is a narrow window within the 7-to 10-day time point where C(2)M is required.
To directly test the effect of adding C(2)M late, we used the armadillo (arm) promoter to express C(2)M [18] . In females / hs-Gal4 females measured following 1 hr of heat shock, and the number of days is indicated within each bar. Significant reductions in nondisjunction were observed in the 7-9 (p = 0.003)-day period of the 3-day broods and the 7-8 (p = 0.003) and 9-10 (p = 0.02)-day periods of the 2-day broods. Nondisjunction was calculated and statistical significance determined as described [29] . Data are in Table S1 . See also Figure S5. carrying the combination of arm-GAL4 and UASp-c(2)M 3XHA , C(2)M-HA protein expression was delayed in region 2a ( Figures  5E and S5E ). While C(3)G and C(2)M normally appear simultaneously, with arm-GAL4, C(2)M appeared later than the first C(3)G. Furthermore, arm-GAL4 controlled expression of the c(2)M transgene did not rescue the nondisjunction phenotype of a c(2)M mutant, in contrast to MVD1 controlled expression (Table S1 ) [9] . Indeed, when C(2)M was expressed using arm-GAL4; UASp-c(2)M 3XHA in c(2)M mutant females, there was a delay in the appearance of SC threads, with more zygotene nuclei in region 2a than typical for wild-type ( Figures 5F and  S5F ). These results suggest the timing of C(2)M expression and SC assembly is critical; the SC must assemble early in region 2a in order to promote crossing over.
C(2)M Is Also Removed from the SC throughout Pachytene
When c(2)M was expressed using arm-GAL4, C(2)M was present in region 2b and absent in some (9/17, Figures 5F and S5E) but present in other (8/17, Figure 5 ) region 3 oocytes. The loss of C(2)M in region 3 oocytes corresponds to the known decrease in arm-GAL4 expression in region 2b and 3 [18] . Thus, these results show that there was complete turnover of SC-associated C(2)M between region 2b and region 3 oocytes, which is approximately 12-24 hr. Another promoter that expresses for a limited time is bam-GAL4:VP16, which peaks in 8-cell cysts of region 1 but usually extends into early region 2a [31] . When combined with the UASp-c(2)M 3XHA transgene, C(2)M-HA expression was observed early in region 2a but absent in all region 2b or 3 cysts (n = 7 germaria) ( Figure S5G ). These experiments show that C(2)M is unloaded from chromosomes during pachytene.
Centromere Cohesins SUNN and SOLO Are Not Integrated during Pachytene The heat shock protocol was repeated with UASp transgenes encoding Venus-tagged SUNN [13] . When UASp-sunn.Venus was expressed with MVD1, foci of SUNN at the centromeres were observed at all stages ( Figure 7A , n = 3, Figure S6A ). In contrast to C(2)M, however, SUNN was not detectable in most pachytene oocytes 24 hr after heat-shock-induced expression of UASp-sunn.Venus ( Figure S6B , n = 10). In four of the ten germaria, however, SUNN foci were visible in early region 2a (Figure 7B) . The absence of foci in most pachytene oocytes, including all oocytes in late region 2a, region 2b and 3, suggests that centromeric SUNN is not loaded during pachytene. Similar results were found with SOLO [14] ( Figures S6C and S6D) . Furthermore, when we dissected and fixed ovaries 5 days following heat shock to allow premeiotic cells to enter meiosis, region 2b centromeric SUNN was observed in in five out of nine germaria ( Figures 7C and 7D ). These results show that SUNN at the centromeres can only be loaded during a narrow window of meiosis, which is at or earlier than when foci were observed (region 2a) at the 24-hr time point. In germaria where no SUNN was observed, it is likely there were no oocytes that could load SUNN at the time of heat shock. If these observations reflect the loading properties of cohesin complexes, then SMC1 or SMC3 should follow the patterns of both C(2)M and SUNN. Using a UASp-SMC1 3XHA transgene, SMC1 that colocalizes with C(3)G at the centromeres and along the chromosome arms was observed throughout pachytene when expression was controlled by MVD1 ( Figures 7E and S6E ). When SMC1 expression was induced with heat shock and fixed 24 hr later, both foci and threads were observed, although at different times ( Figures 7E, S6F, and S6G ). In eight of 16 germaria, there was thread-like SMC1 in regions 2b and 3, and all of these oocytes lacked SMC1 centromere foci ( Figure 7F ). The threadlike localization of SMC1 in some region 2b and 3 oocytes indicates that SMC1 is loaded during pachytene. It is unclear why the thread-like SMC1 is not observed in all germaria. Because the SMC1 signal in immunofluorescence experiments is weaker than C(2)M, it is possible there is a detection problem. Alternatively, SMC1 may not be loaded onto the arms during early pachytene. In 12/16 germaria, there was SMC1 foci in region 2a that colocalized with CID ( Figure 7F ). This restricted appearance is similar to heat-shock-induced SUNN and may reflect loading that only occurs early, such as during meiotic S-phase. These region 2a cells with bright heat-shock-induced SMC1 foci always lacked threads, showing that the centromeric and euchromatic SMC1 proteins are loaded at different times in meiosis.
DISCUSSION The Two Complexes Are Directed toward Either Sister or Homolog Interactions
Based on similar mutant phenotypes and double-mutant analysis, we propose that SC assembly in Drosophila depends on two meiotic cohesin complexes. The first includes C(2)M, SA, and Nipped-B. The most important function of C(2)M/SA/Nipped-B is SC assembly, which is demonstrated by the more significant SC assembly defects observed in c(2)M mutants and SA or Nipped-B knockdowns compared to sunn, solo, or ord mutants.
Our cytological results suggest that, like C(2)M [9] , SA has only a minor role in meiotic sister-centromere cohesion. Correlating with this difference is that C(2)M, SA, or Nipped-B are required for the accumulation of SMC proteins on the chromosome arms but not the centromeres [21] . Furthermore, Nipped-B, like C(2)M, localizes to the chromosome arms but not the centromeres [8, 32] . These observations indicate a significant change in cohesin regulation. While SA and Nipped-B are required for sisterchromatid cohesion in mitotic cells, they have a new partner, C(2)M, for a non-cohesion function in meiosis. There are minor differences in the c(2)M and SA phenotypes, which has also been observed with solo and sunn [13] , suggesting there could be additional minor complexes. SA and Nipped-B could be required to maintain sister-chromatid cohesion on the chromosome arms in late prophase, a function that C(2)M likely does not have [12] . The second proposed meiotic cohesin complex includes SOLO, SUNN, and ORD, which are also highly diverged, making homology assignments difficult. Based on sequence features, SUNN may be a SA homolog [13] , while SOLO has been shown to interact with SMC1 and to have sequence motifs similar to the SMC1 interaction domains of kleisins [14, 33] . The role of ORD in this context is unclear. It is possible that ORD is a positive regulator like Nipped-B. Genetic evidence shows that ord, sunn, and solo are required for sister-chromatid cohesion, which correlates with SMC1/3 and SC accumulation at the centromeres [13, 14, 25] . In addition, there are elevated levels of sister-chromatid exchange and abnormal SC structure in ord and solo mutants [11, 14] . In all images, DNA is blue. Scale bar, 5 mm. Whole-germarium images of each genotype are shown in Figure S6 . Surprisingly, we found an important role for the meiotic cohesins SUNN and ORD in mitotic germline cells, which is consistent with prior observations that ORD localizes to centromeric foci in premeiotic cells [21] and ord mutants have defects in mitotically dividing germline cells [24] . Since Rec8 in C. elegans is also observed in premeiotic cells [34, 35] , it may be a conserved feature of meiotic cohesins required for sister-chromatid cohesion that they accumulate and function in premeiotic mitotic germline cells.
Differential Regulation and Dynamics of Meiotic Cohesins
A striking difference between C(2)M/SA and SOLO/SUNN is that C(2)M incorporation is continuous during pachytene even after the SC is fully assembled. This may result in a dynamic SC, which has been observed in budding yeast [36] . Paradoxically, we have also found that C(2)M must load during a narrow window of early prophase in order to support crossover formation. Cohesins have been shown to be loaded during prophase in a number of systems [7] including Drosophila [37] [38] [39] . In contrast, centromeric SOLO/SUNN can only be loaded prior to meiotic prophase. Sister-chromatid cohesion in mitotic cells is established during S-phase [40] and in mammals, Rec8 cohesin cannot be replenished and dissociates with age [15, 16, 41] . Whereas in mitotic cells the dynamic and stable cohesin complexes involve the same four core subunits, in meiosis, there may be separate cohesin complexes that differ in their regulation and capacity to be replaced or replenished. These observations complement Weng et al. [12] who showed there was cohesin replenishment during meiotic prophase, although after pachytene and possibly not at the centromeres. Interestingly, mouse Nipbl (Nipped-B) [42] and the meiosis-specific SMC1b [43] show pronounced accumulation starting at leptotene, indicating that, as in Drosophila, some mouse cohesins are loaded during pachytene while other cohesins are stable.
Evolutionary Conservation and Function of Multiple Cohesin Complexes
Meiosis-specific cohesin complexes appear to be a highly conserved feature of meiosis [7, [44] [45] [46] [47] . While there is some variation in the constituents of each cohesin complex, our results suggesting two major pathways contributing to SC assembly help explain the results with coh-3/coh-4 and rec-8 in C. elegans [35] or rad21l and rec8 in mouse [48] . Only the double mutants in each case eliminate all SC. The role of the respective kleisins could also be conserved. Like C(2)M, Rad21L has been proposed to be primarily responsible for inter-homolog chromosome interactions [49, 50] . Multiple cohesin complexes may be required because some cohesins need to be loaded at a specific time (S-phase for cohesion) while others need to be exchanged during pachytene. A dynamic cohesin complex may be important to provide plasticity to the meiotic chromosomes and allow them to respond to double-stranded breaks (DSBs) and regulate crossover formation, crossover interference, and chromosome segregation. Alternatively, different cohesin complexes may accumulate at different locations. If meiotic cohesins, directly or indirectly, interact with SC proteins, they may have a strong influence on the pattern of SC assembly and influence the frequency and distribution of DSBs and crossovers. 
